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Abstract 
With the broader utilization of a variety of aluminum alloys in the automotive industry for structural lightweight applications, the 
need for resistance spot welding (RSW) of dissimilar aluminum alloys is increasing. General Motors (GM) has developed a 
proprietary RSW process using a multi-ring, domed electrode geometry that significantly improves the performance of the 
aluminum resistance spot welds.  In addition, to enhance structural performance, epoxy adhesives are also often applied prior to 
RSW to obtain weld-bonded joints.   
 
As a contribution, the load-controlled fatigue behavior of dissimilar aluminum alloy spot welds made of 2mm thick AA5754 
wrought sheet and 3mm thick Aural2 die casting sheet with and without the addition of adhesive prior to welding was studied. The 
same GM proprietary resistance spot welding electrode and current schedule was applied to both welding conditions leading to a 
larger nugget size when using adhesive, but  both weld configurations presented similar maximum load in tension-shear testing. 
X-ray computed tomography was used to detect internal welding discontinuities such as voids and also to follow the damage 
evolution and fatigue crack initiation and growth during interrupted fatigue testing of the spot welds. The results show that the 
main fatigue crack initiates at the edge of the nugget and penetrates through the Aural2 die casting sheet in the thickness direction. 
Using the structural stress concept, it was also found that the structural stress-fatigue life curve for AA5754 to Aural2 aluminum 
spot welds with and without adhesive falls into a master curve indicating that the nugget size which corresponds to the tensile and 
bending strength dominates fatigue life. 
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1. Introduction 
Facing the challenges of fuel economy and vehicle lightweighting, aluminum alloys are being used increasingly in 
automotive structural applications. Among the commonly used joining techniques, resistance spot welding (RSW) is 
desirable due to its inherently low cost, high speed and accessibility. However, resistance spot welding of aluminum 
is sparsely used due to the perceived lack of robustness, the wide flange requirements, and the lower fatigue strength 
of aluminum spot welds relative to steel welds [1-3]. Recently, General Motors has developed a proprietary RSW 
process using a multi-ring, domed (MRD) electrode geometry that significantly improves the performance of the 
aluminum resistance spot welds [3-5]. In addition, to enhance structural performance adhesive is also often applied 
prior to RSW to obtain weld-bonded joints [6].  
 
In the present study, the same GM proprietary RSW electrode and current schedule  was used to weld 2mm thick 
AA5754 wrought sheet and 3mm thick Aural2 die casting sheet with and without the addition of adhesive prior to 
welding. We then studied the load-controlled fatigue behavior of these dissimilar aluminum alloy spot welds. X-ray 
computed tomography was used to detect the resulting internal welding defects such as voids as well as to follow the 
damage evolution and fatigue crack initiation and growth during interrupted fatigue testing of the spot welds. We also 
discussed the feasibility of using the structural stress concept to rationalize the load-fatigue life curves for AA5754 to 
Aural2 dissimilar aluminum spot welds with and without the addition of adhesive. 
 
 
Nomenclature 
d            diameter of the weld nugget 
Fy maximum tensile force 
Mx               bending moment 
t  sheet thickness  
V(SS)     structural stress 
2. Materials and experimental procedures 
The materials used in the present study were 2mm thick AA5754 wrought sheet and 3mm thick Aural2 die casting 
sheet. The nominal chemical composition of the two materials is shown in Table 1.  
 
    Table 1 Nominal chemical composition of Aural-2 and AA5754 (wt %) 
 
Element Si Mn Mg Fe Ti Sr Cu Cr Zn Al 
Aural-2 9.5 - 11.5 0.3 - 0.6 0.1 - 0.4 ≤ 0.25 ≤ 0.1 0.01-
0.018 
ˉ ˉ ˉ Bal. 
AA5754 ≤ 0.4 ≤ 1.0 2.6-3.6 ≤ 0.4 ≤ 0.15 ˉ ≤ 0.1 ≤ 0.3 ≤ 0.2 Bal. 
 
 
The same GM proprietary RSW electrode and current schedule was used to fabricate lap-shear joints made of 2mm 
thick AA5754 wrought sheet and 3mm thick Aural2 die casting sheet with and without the addition of epoxy adhesive 
prior to welding. The specimens were machined to final dimensions of 20 mm in width and 90 mm in total length 
using the water-jet cutting technique. 
 
Some of the specimens were sectioned through the cross-section perpendicular to the length direction and mounted 
for microhardness (Hv) measurements and macrostructure observations following a standard metallographic 
procedure.   
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Tensile shear testing was carried out to determine the maximum tensile load capacity of the welds and the 
corresponding maximum load levels for the load controlled fatigue testing. The load-controlled fatigue tests were 
conducted at stress ratio of 0.1 at five maximum load levels of 3483N, 2322N, 1744N, 1450N and 1161N.  
 
All fatigue testing specimens were analyzed using X-ray computed tomography (XCT) scans prior to testing to 
obtain the 3D models of the size and distribution of damage (e.g. pores, welding defects, etc.) within the weld nuggets. 
All the XCT scans were carried out using a Hytec Edge CT machine at Jesse Garant &Associates. The prefilter used 
is 0.5mm Molybdenum. The tube voltage is 165kV and the tube current is 300 PA. The source to object distance is 
210 mm and the source to detector distance is 880 mm.  
 
In order to follow damage evolution during fatigue testing, interrupted fatigue testing was conducted for 2 
specimens each for specimens with and without addition of adhesive prior to welding at maximum load level of 2322N 
every 20,000 cycles until fatigue failure. During each interruption, specimens were taken out from the fatigue testing 
machine for XCT scans to obtain 3D models of the damage evolution.  
3. Results and discussion 
The macrostructures of the weld nuggets for the AA5754 to Aural2 spot welds with and without addition of 
adhesive are shown in Fig. 1. From Fig. 1, it is seen that both the penetration and nugget diameter are smaller in the 
AA5754 side compared to the Aural2 side. The addition of adhesive enhanced the penetration in both sides and 
enlarged the nugget size (Fig. 1b).  Note that the nugget diameter on the AA5754 side is smaller than that on the 
Aural2 side, which results in the notch root being located at the perimeter of the AA5754 side of the nugget (red 
arrows). 
                   
a                                                                                                b 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Macrostructure and microhardness of AA5754 to Aural resistance spot welds (a) without adhesive and (b) with adhesive. 
     When looking at the microhardness measurements (Fig. 1), it is seen that microhardness of the weld nuggets is 
higher than the other regions of the weld, i.e. heat affected zone and base metal under both wedling conditions. 
However, the microhardness is lower in the centre of the weld nugget with more variation when welding with the 
addition of adhesive indicating porosity exists within the nugget that will reduce nugget strength.  
20 
19 
30 
31 
19 
20 
31 
30 
AA5754 
Aural2 
14 31 
14 
31 
AA5754 
Aural2 
152   Jidong Kang et al. /  Procedia Engineering  114 ( 2015 )  149 – 156 
     Despite the differences in nugget size and penetration, the maximum tensile load from the tensile shear testing is 
slightly higher in the spot weld without the addition of adhesive (Table 2). This observation confirms that the nugget 
strength is lower in the dissimilar spot welds with the addition of adhesive.  This was most likely caused by the fracture 
mode, i.e., nugget pullout, which would initiate at the notch root and propagate into the nugget volume on the Aural2 
side of the weld.  Additional porosity in the weld nugget with adhesive then results in reduced strength. 
 
                      Table 2 Tensile shear test results of the spot joint of 2mm AA5754 to 3mm Aural2 
2mm AA5754 to 3mm Aural2 Maximum Load, N Average, N 
Bare 
6166 
6077 
5987 
Adhesive 
5941 
5947 
5952 
    The fatigue testing results are shown in Fig. 2. From Fig. 2, it is shown that for a given maximum load level, fatigue 
life of the dissimilar aluminum spot welds with the addition of adhesive is longer than those without addition of 
adhesive.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Fatigue test results for aluminum alloy spot weld joints with and without adhesive. 
 
 
XCT scan results (Fig. 3) confirm that there is some evidence of damage growth and coalescence within the nuggets 
(see Step 2-4 in Fig. 3a and 3b) but the main fatigue crack initiates at the edge of the nugget (see the red circles in 
Step 4 in Fig. 3a and 3b) and penetrates through the Aural2 die casting sheet in the thickness direction. This is 
consistent with the observations of all the fatigue fractured specimens. 
 
The results we obtained so far present an apparent contradiction. On one hand, the dissimilar aluminum spot welds 
with the addition of adhesive have larger nugget sizes, one would expect longer fatigue life in these spot welds 
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according to the earlier research stating the nugget size controls the fatigue life [1-2]. On the other hand, the two 
aluminum dissimilar welds have the same tensile-shear load capacity indicating that one would expect similar fatigue 
properties. Since the spot welds with the addition of adhesive are indeed lower in nugget strength, one can even expect 
that their fatigue properties could be also be reduced. 
 
          a 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           b 
                
Fig. 3. X-ray computed tomography scans of damage evolution in aluminum alloy spot weld joints (a) with and (b) without adhesive. 
 
 
To help understand this contradiction, we can rationalize the fatigue results of these dissimilar aluminum resistance 
spot welds using the structural stress concept [8-11]. Following the structural stress concept (Fig. 4) developed by 
Rupp et al [7], we have  
 
 Step 1                                              Step 2                                           Step 3                                   Step 4   
                 Step 1                                       Step 2                                            Step 3                                   Step 4 
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where tk 6.0 , yx F5.2M  ; 䠅SS䠄maxV , d,  Fy, Mx, t is maximum structural stress, diameter of the weld nugget,  
maximum tensile force, bending moment and sheet thickness of Aural2, respectively. 
 
      Eq. (1) indicates that the diameter of the spot welds plays a competitive role with sheet thickness in determining 
the structural stress. A larger nugget diameter is beneficial to lower the structural stress level that usually leads to 
longer fatigue life.  
 
 
 
    
Fig. 4. Concept of structural stress in aluminum spot welds [7, 10]. 
 
 
The nugget size of the spot welds used in the present study were measured and shown in Table 3.  
 
             Table 3 The average nugget size of the spot welds with and without adhesive 
Load(N) Without adhensive With adhensive 
3483 6.8 8.3 
2322             6.2 7.9 
1744 6.0 8.0 
1450 6.2 7.6 
1161 6.7 8.0 
 
 
 Using Eq. (1) and the data from Table 2, we re-plotted the fatigue test results using the maximum structural stress 
as shown in Fig. 5. From Fig. 5, it is illustrated that the maximum structural stress-fatigue life curve for AA5754 to 
Aural2 dissimilar aluminum spot welds with and without adhesive falls into a master curve. At relatively higher 
structural stress levels, i.e. 126 MPa and above, the fatigue life of the spot welds without the addition of adhesive is 
longer than the ones with the addition of the adhesive. Below this structural stress level of 126 MPa, both the structural 
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stress and fatigue life of these two spot welds are indeed almost the same. These results suggest that the nugget size 
which corresponds to the tensile and bending strength dominates fatigue life in the two aluminum dissimilar spot 
welds used in the present study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Fatigue test results for aluminum alloy spot weld joints with and without adhesive using maximum structural stress. 
4. Conclusions 
 We studied the load-controlled fatigue behavior of a dissimilar aluminum alloy spot weld made of 2mm thick 
AA5754 wrought sheet and 3mm thick Aural2 die casting sheet using the same GM proprietary resistance spot welding 
process with and without the addition of adhesive prior to welding. X-ray computed tomography was used to detect 
the resulting internal welding defects such as voids as well as to follow the damage evolution during interrupting 
fatigue testing. The following conclusions can be drawn from the present study, 
 
1) The nugget size of the dissimilar aluminum spot welds is larger in the spot welds with the addition of adhesive 
but the maximum load capacity in tension-shear testing is the same as the ones without the addition of adhesive. 
 
2) There is evidence of damage growth and coalescence within the nuggets, but the main fatigue crack initiates 
at the edge of the nugget and penetrates through the Aural2 die casting sheet in the thickness direction.  
 
3) The maximum structural stress-fatigue life curve for AA5754 to Aural2 dissimilar aluminum spot welds with 
and without adhesive falls onto a master curve indicating that the nugget size which corresponds to the tensile 
and bending strength dominates fatigue life. 
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